1. We measured the ventilatory response to CO, at two levels of arterial Po, in twelve patients who suffered from chronic obstructive bronchitis. We also determined the lumbar cerebrospinal fluid bicarbonate in ten of these patients.
and arterial Po2 (Conway, Payne & Tomkin, 1965) are u l z cases. Subdivisions of lung volume were measured in the sitting position by helium dilution (Meneely 8z Kaltreider, 1941) , and the FEV,., with a McDermott dry spirometer (Collins, McDermott & McDermott, 1964) .
Procedure
The humidified, warmed, inspired gas mixture was delivered to the inspiratory valve from a rotameter mixing device which allowed the concentrations of oxygen and carbon dioxide in the mixture to be changed rapidly. Expired gas was collected in a Tissot spirometer, the expiratory resistance being 0.5 cm water at 1 l/sec. Arterial blood was sampled from a small bore nylon catheter inserted into the brachial artery by a modified Seldinger technique (Berneus et al., 1954 ). An experienced nurse made sure that the seated patient was comfortable during the study, but did not allow him to fall asleep. Two isoxic CO, response lines were obtained in each subject, the arterial Po, onzthe low isoxic line being between 40 and 50 mmHg in three subjects, and between 50 and 60 mmHg in the rest. The arterial Po, on the high isoxic line was above 96 mmHg, in all subjects, but was usually between 150 and 200 mmHg (Table 2) . In order to maintain a constant arterial Poz, the oxygen concentration in the inspired gas was lowered empirically as ventilation increased, for the changes in alveolar to arterial oxygen tension gradients during hyperventilation precluded accurate predictions in these patients. The inspired gas mixture was held constant for 15 min periods, the arterial Po, being measured after 5 min to ensure that isoxic conditions had been achieved. The expired gas was collected over the last 2 min of each period, at the same time as 15 ml of arterial blood were withdrawn (Fig. 1) . In ten cases CSF was sampled by lumbar puncture 4-5 hr after completing the CO, response study, anaerobic CSF and arterial blood samples being drawn simultaneously.
Analytical methods
Arterial blood was sampled into siliconed syringes, with the dead space filled with 1000 units/ml heparin solution. The Po,, Pco, and pH of these samples were immediately measured in duplicate by each of two separate sets of electrodes (Radiometer Company). Both sets of blood gas electrodes were calibrated with the patient's blood, which was tonometered during the study with two gas mixtures of high and low oxygen and CO, concentrations with 95% confidence limits of k2.6 mmHg in this range (Flenley, Millar & Rees, 1967) reducing to k 1-3 mmHg with two independent electrodes. The arterial Pco, was also calculated from the mean of the duplicate readings of pH by the two glass electrodes and the C art.
plasma co,, by the Henderson-Hasselbalch equation, with a pK' of 6.10 and a solubility coefficient of 0.0306 (Severinghaus, 1966) . The arterial Pco, reported is the mean of these three independent measurements. The arterial Po, reported is the mean of the two sets of duplicate measurements on the separate electrodes, and therefore has 95% confidence limits of k3.5 mmHg . Blood oxygen capacity was measured spectrophotometrically (King & Wootton, 1956 ) with previous calibrations against the manometric method.
RESULTS

Isoxic CO, response
The minute ventilation (VE I/niin) and arterial Pco, (mmHg) or hydrogen ion activity (H', n-mole/l), for the isoxic lines at the two levels of Po, in each patient were fitted by least squares regression to equations:
where SCO, and SH are the slopes of the CO, response lines, and BCO, and BH the intercepts of the lines on the Pco, axis and H+ axis respectively (Table 2, Fig. 2 ).
The low isoxic lines lie to the left of the high isoxic line (Fig. 2 ) in all cases but 10 and 12, so that a hypoxic ventilatory drive was demonstrated in all except these two cases. The slope of the low isoxic lines averaged 1.93 (SEM 0.53) 1 min-l mmHg-l, excluding case 12, who showed no significant correlation between either arterial Pco, or H', and VE. For the high isoxic lines, again excluding case 12, Sco, averaged 0.88 (SEM 0.17) 1 min-l mmI3g-l. In thirteen normal men Sco, was 1.74 (SEM 0.14) 1 min-l mmHg-', when the arterial Po, was over 100 mmHg (Cunningham et al., 1961; Flenley & Millar, 1967; Falchuk, Lamb & Tenney, 1966 , 50, 55, 49 176, 189, 171, 112 48, 55, 56, 55 235,224, 212, 220 58, 56, 52 141, 142, 149, 133 42, 42, 42 142, 176, 161, 155 52, 52, 58, 55 127, 148, 152, 110 54, 55, 54, 58 157,201, 162, 139 52, 56, 57 140, 125, 106, 190 43, 40, 45, 47 197,203, 194, 222 54, 56, 60 mmHg for the low isoxic line and 47 (SEM 3.0) mmHg for the high isoxic line, excluding case 12.
The relationship between VE and arterial H+ was significant in nine cases (Table 2) , at either one or both levels of Po,. The slope of these lines, SH of equation 2, averaged 2.12 (SEM 0.48) l2 min-' n-mole-' for the low isoxic line, and 1-79 (SEM 0.17) l2 min-' n-mole-' for the high lines. The intercept values, BH, averaged 33 (SEM 1.8) n-mole/l for the low lines, and 37 (SEM 1.8) n-mole/l for the high lines.
Cerebrospinal fluid acid base balance
Values of Pco,, pH and HCO; of lumbar CSF and arterial blood are shown in Table 3 .
When these samples were taken, between 4 and 5 hr after the C 0 2 response study, the patients were breathing air. The Pco, and pH of this blood did not differ significantly from that obtained at the start of the C02 response study (Table 1 ) but mean plasma HCO; rose significantly by 0.6 mEq/l in this period. The effects of these changes on the composition of CSF during the CO, response study are discussed later. In cases 2 , 4 , 5, 6, 9, 10, 11 and 12, who had a raised Pco, when breathing air, the CSF HCO; was above normal. The Pco, of both arterial blood (average 55, SEM 3.0 mmHg) and CSF (average 61, SEM 3.1 mmHg) showed a similar variance between the cases, but the pH of the CSF (average 7-32, SEM 0.001) varied less than that of the arterial blood (average 7.40, SEM 0.030).
DISCUSSION
Technical problems. Reliable studies of the isoxic steady state ventilatory response to CO, depend upon the achievement of a steady state of ventilation; the maintenance of a constant arterial Po,, particularly on the low Po, isoxic line (Lloyd et al., 1958; Cunningham et al., 1961) ; and accurate measurements of arterial Pco,. In our study the expired volume collected from the 7th to 9th min did not differ significantly (P>O.Ol) from that collected over the 13th to the 15th min in any of the 15 min 'steady state' periods. Thus a constant ventilation was obtained (cf. Bernards, Dejours &Lacaisse, 1966) . Themeanvariation inarterialPo, was f 3 mmHg Lamb & Tenney (1966) , and indeed is barely outside the probable error of measurement of the arterial Po, . In normal subjects, with an arterial Po, between 40 and 50 mmHg, Sco, could vary by 237% to -22% if the arterial Pco, measurement varied by f 1 mmHg. By the use of two independent CO, electrodes, both calibrated with tonometered blood, and also independent pH and HCO; measurements, we believe that our Pco, values are accurate to within f 1 mmHg.
The hypoxic ventilatory drive. All the nine cases of ventilatory failure show a depressed ventilatory response to a rise in arterial Pco, without hypoxia, but in ten of the twelve cases ventilation at any Pco, was greater when the arterial Po, was between 40 and 60 mmHg than when it was over 100 mmHg. In cases 1 , 2,4,5,8 and 11 the isoxic lines tend to converge on a common point on the Pco, axis, so that the mean difference between the BCO, for the high and low isoxic lines is not significant in these cases. Thus the ratio of the slopes of the two lines is an adequate description of the hypoxic stimulus. In cases 1, 2 and 5 this ratio of the slope of the low isoxic line to that of the high line averages 1.76 (SEM 0.17), which does not differ significantly from the ratio of slopes of lines at the same level of Po, in three normal subjects (Falchuk et al., 1966) . In cases 4, 8 and 11 where the arterial Po, on the low line was between 40 and 50 mmHg, the ratio of slopes averaged 2-50 (SEM 0~2 9 )~ which again does not differ significantly from that in five normal subjects for this level of Po, (Cunningham et al., 1961 ; Falchuk et al., 1966) . In these six cases, therefore, we can show no quantitative difference in the hypoxic drive to ventilation from that in these normal subjects.
In cases 6, 7 and 9, however, hypoxia appears mainly as an additive stimulus, increasing ventilation by a constant amount at any level of Pco,. This 'shift to the left' in the CO, response line was not due to a metabolic acidosis in hypoxia in these patients, for the arterial blood was less acidic during hypoxia ( Table 2) .
The ratio of slopes is 6.46 in case 3, so that his hypoxic drive is greater than normal (Falchuk et al., 1966) . He appeared on clinical grounds to suffer from chronic infective asthma (Bates & Christie, 1964), without having sustained any prolonged period of severe hypoxia.
Case 10 showed a depressed ventilatory response to CO, with an absent hypoxic drive. This patient was the youngest studied (44 years), and when breathing air was known to have an arterial Po, averaging 56 mmHg and Pco, 53 mmHg over the previous 4 years. Case 12, in whom we also failed to demonstrate a hypoxic drive, had in addition no ventilatory response to CO,. Polycythaemia was present in him 10 years before this study, and his hypoxaemia and hypercapnia (Table 1) had persisted for at least the preceding 4 years. These two patients resemble cases of chronic mountain polycythaemia , in that they suffered from chronic hypoxaemia with polycythaemia, and impairment of the hypoxic drive to ventilation. It is possible, but unproven, that in these two cases the peripheral arterial chemoreceptors had been deficient for many years, or even from birth, and that a combination of this deficiency with subsequent chronic obstructive bronchitis had resulted in an unusual degree of hypoxaemia at an early age.
The whole body COZ titration line. Prolonged elevation of arterial Pco, leads to increased reabsorption of bicarbonate in the renal tubules (Relman, Etsten & Schwartz, 1953) , so that the arterial H+ is only slightly raised. This mechanism operates maximally after 5-7 days of hypercapnia so that the initial values of arterial H + and Pco, in our patients would reflect this renal compensation, unlike the arterial H + during the 15 min periods of acute CO, inhalation .
The equation H + = 30.6+0.19 Pco, describes the linear regression of arterial H+ on the arterial Pco, for the samples taken at the start of the study when our patients were breathing air. We believe their chronic hypercapnia was then fully compensated. This equation is similar to that derived by Engel et al. (1968) to describe their results in twenty-eight steady state situations in thirteen patients who were not receiving diuretics.
The acute on chronic whole body CO, titration line of each patient is shown in Fig. 3 in terms of arterial H + and Pco,. The slope of these lines was not significantly different between the cases, and averaged 0.58 (SEM 0.04) n-molel-' mmHg-l. This value differs significantly from the slope of the chronic whole body C02 titration line (Fig. 3) , but this average slope is the same as that of the acute whole body CO, titration curve in normal young men (Brackett, Cohen & Schwartz, 1966) .
The similarity of slope of these acute on chronic whole body CO, titration lines permits one measurement of arterial H + and Pco, to describe the nature of hypercapnia. Measurements are plotted on an H+/Pco, diagram (Fig. 4) which also includes the acute and chronic (Engel et al., 1968) whole body CO, titration lines and their significance bands (Cohen & Schwartz, 1966) . Values at A indicate acute hypercapnia, superimposed upon a previous chronic hypercapnia (B). An acute rise or fall in Pco, in such a case will lie along the line AB, which is parallel to the acute CO, titration line. However, if this patient has sustained hypercapnia for 5-1 days, with normal renal function the values will move to point C, on the chronic CO, titration line. Point D indicates acute hypercapnia alone, which, if maintained for 5-7 days, will produce values as at F. Within the overlap of the two significance bands prediction is not possible.
The whole body CO, titration curve of whole blood. Reduced haemoglobin combines reversibly with CO,, forming carbamino compounds (Roughton, 1964) , this reaction being the basis of the Christiansen-Douglas-Haldane effect (Christiansen et al., 1914) , whereby the PCO, of a reduced whole blood sample rises on oxygenation. The extent of this rise depends upon the change in oxygen saturation (So,), on pH, and on the blood oxygen capacity, as shown by the equation:
0.0215 (oxygen capacity) = I -
where C plasma co2 is the plasma CO, content (ml/lOO ml), the oxygen capacity is in ml/ 100 ml, and So, is a percentage (Van Slyke & Sendroy, 1928; Visser, 1960) . We calculated C blood CO, from measurements of C plasma co,, and related this arterial C blood co2 to the measured Pco, at the two levels of So, studied in each patient (Fig. 5) . These regression lines are linesr estimates of segments of the whole body CO, titration curves but as only three or four points were available for each line, correlation was only significant at the 5% level in eight c.ases when hypoxic, and in five cases with So2 over 98%. The slopes of the lines for partially reduced blood (So, 70.2-90.1 %) averaged 0.37 (SEM 0.32) ml 100 ml-l mmHg-l, which is not significantly different from the average slope when the blood was oxygenated (0.35 (SEM 0-06) ml100 ml-I mmHg-'). Ifthe CO, content of whole blood is unchanged, the rise in Pco, following oxygenation of partially reduced whole blood will be greater if the slope of the whole blood CO, content/Pco, line is reduced (Fig. 5) . In our bronchitic patients these acute on chronic CO, titration lines are substantially flatter than the chronic whole body CO, titration lines (Fig. 3, Fig. 5) . Indeed, as shown above, the patients' titration lines are parallel to the acute titration lines of normal men. The implications of the CDH effect in ventilatory control of the chronic bronchitic are discussed later in terms of the changes in CSF acidity following the relief of hypoxia in these patients. (Leusen, 1954; Mitchell et al., 1963) , this will, in turn, depend upon the Pco, and HCO; of the CSF. We propose that the HCO; of lumbar CSF taken 4 hr after the CO, response study is similar to that of cisternal CSF during that study. It is not feasible to prove this by direct sampling of cisternal CSF in unanaesthetized man during CO, inhalation. Therefore we base our proposal upon the following evidence: (1) cisternal and lumbar CSF have the same HCO; in man (Van Heijst, Maes & Visser, 1966); (2) the arterial Pco, in our patients before the CO, response study was the same as that at the time of lumbar puncture (Table 1 and Table 3 ); (3) the small but significant rise in average arterial HCO; in these samples was only 0.6 mEq/l, which would be expected to increase CSF HCO; by 0.3 mEq/l (Alroy & Flenley, 1967) , after 50 days (Bradley, Spencer & Semple, 1965) , so that important changes within 8 hr appear unlikely; (4) although there is thought to be active transport of bicarbonate across the blood-brain barrier so as to stabilize CSF H + in face of changes in arterial Pco, , such transport is slow. In the dog cisternal CSF HCO; rose after 30 min of 7% CO, inhalation, but not after 12 min (Michel, 1964) . If CSF HCO; had risen significantly during our 2 hr long studies, the increase (1965) , the in vitro lines from data assembled by Root (1958) , and the chronic in vivo lines from the data of Engel ef al. (1968) . The heavy lines are calculated from our data in cases 1, 4, 5 and 12.
in CSF buffering would result in a progressive decline in acidic ventilatory drive, as the highest arterial Pco, levels occurred after 1 hr (Fig. 1) . Thus the ventilatory response would tend to show a convexity towards the Pco, axis at high Pco, levels. No such effect was seen in our results ( Fig. 2) in our previous studies of bronchitic patients (Flenley & Millar, 1967) , or in normal subjects (Falchuk et al., 1966) . We conclude that the CSF HCO; did not rise significantly during our ventilatory response studies. By equating cisternal and lumbar CSF HCO; we have calculated the probable changes of cisternal H+ which occurred in our patients during CO, inhalation under normoxic conditions. The change in CSF Pco, is assumed to be nine-tenths of the change in arterial Pco, (Bradley et al., 1965) , and the change in cisternal H' is then obtained from the Henderson-Hasselbalch equation for CSF (Severinghaus, 1966; . The values of SH,CSF in the regression equations VE = SH,CSF (H', CSF -BH, CSF) which are so calculated are shown in Table 3 for the high isoxic line only. The values of SH,CSF given for the normal subjects are based on an Sco, for the arterial blood (Table 2) of 1-5-2-0 1 min-' mmHg-l for this high isoxic line (Cunningham et al., 1961; Flenley & Miller, 1967; Falchuk et al., 1966) , and also on a CSF HCO-j of 23.4 mEq/l (Posner, Swanson & Plum, 1964) .
SH,CSF is normal in cases 1 and 2, who did not have CO, retention. In the other cases, SH,CSF is below normal, so that their depressed ventilatory response to CO, is not due to increased buffering in the CSF.
Oxygenation and cerebrospinalfluid acidity. Jugular venous blood has the same Pco, as the cisternal CSF in man (Bradley & Semple, 1962) . What will be the effect on the jugular venous Pco,, and thence the cisternal Pco, and H' which would be predicted as a result of correcting arterial hypoxaemia in our patients? This can be calculate'd from the carbon dioxide content of arterial blood, at the two levels of oxygenation, if we know the differences in oxygen and CO, content across the cerebral circulation. We did not measure cerebral blood flow in our patients, but they appear to be clinically similar to the twelve patients studied by Patterson et al. (1952) , who had an average arterial Po, of 39 mmHg, Pco, of 58 mmHg, and an arteriovenous oxygen difference of 4.6 m1/100 ml across the cerebral circulation when breathing air. On breathing oxygen the average arterial Po, rose to 80 mmHg, the Pco, to 70 mmHg, and the cerebral arterio-venous oxygen difference fell to 4.4 m l / l O O ml. From these figures, and our calculations of the CDH effect in vivo, by assuming a brain respiratory quotient of 1 we have calculated the jugular venous CO, content, and thence the jugular venous Pco, and pH (Table 4 ) from the Sigaard-Anderson curve nomogram, on the basis that the CO, dissociation curve across the brain has the same slope as the in vitro CO, dissociation curve (Michel, 1968) . From the calculated values of jugular venous Pco, at the two levels of oxygenation, we have calculated the change in cisternal CSF H', from the lumbar CSF HCO; (Table 3) (Severinghaus, 1966 ). If such a change in CSF H' had occurred under normoxic conditions, ventilation would have increased by the amount predicted in Table 3 , which is based upon the values of SH,CSF for normoxic conditions. However, these predictions exceed the observed changes by over 700% in cases 5, 6,9 and 10, so that in these cases at least the hypoxic drive is considerably more potent than one might predict from the isoxic CO, responses based upon arterial blood values. Relief of hypoxia reduces the peripheral chemoreceptor drive but increases the central drive by increasing CSF acidity. The fact that ventilation is often unchanged or even falls when hypoxia is corrected indicates the great power of the hypoxic drive.
These calculations cannot substitute for direct measurements of the changes in cisternal CSF acidity which actually occur on relief of hypoxia, but as such measurements cannot be made in unanaesthetized patients, it appears reasonable to employ this arithmetically assisted speculation in order to assess the probable importance of these factors. A similar rise in the Pco, of jugular venous blood samples was noted when normal subjects were given 100% oxygen to breathe (Lambertsen et al., 1953) . The effect is increased when the changes in saturation following oxygen administration are greater, as in chronic hypoxia. Cisternal CSF AH+ is the calculated increase in cisternal CSF H+ when the arterial Po2 rises from the low to the high value in each case. AVE is the predicted or observed increase in minute volume for this rise in Poz.
In conclusion, it would seem possible that the importance of the hypoxic ventilatory stimulus in chronic hypoxia is underestimated by consideration of the ventilatory response to arterial Pco, alone, for a rise in arterial Po, will also probably induce an increase in the acidity of the cisternal CSF. The size of these changes will depend upon the validity of the assumptions presented above, and in particular upon any concomitant changes in their cerebral blood flow.
